Gene looping, defined as the physical interaction between the promoter and terminator regions of a RNA polymerase II-transcribed gene, is widespread in yeast and mammalian cells. Gene looping has been shown to play important roles in transcription. Gene-loop formation is dependent on regulatory proteins localized at the 5 0 and 3 0 ends of genes, such as TFIIB. However, whether other factors contribute to gene looping remains to be elucidated. Here, we investigated the contribution of intrinsic DNA and chromatin structures to gene looping. We found that Saccharomyces cerevisiae looped genes show high DNA bendability around middle and 3/4 regions in open reading frames (ORFs). This bendability pattern is conserved between yeast species, whereas the position of bendability peak varies substantially among species. Looped genes in human cells also show high DNA bendability. Nucleosome positioning around looped ORF middle regions is unstable. We also present evidence indicating that this unstable nucleosome positioning is involved in gene looping. These results suggest a mechanism by which DNA bendability and unstable nucleosome positioning could assist in the formation of gene loops.
Introduction
Gene promoter and terminator are separated in a linear chromatin structure. Experimental evidence indicated that promoter and terminator regions can be juxtaposed to form a gene-loop conformation subsequent to a first round of transcription. Gene loops were first described in Saccharomyces cerevisiae genes (O'Sullivan et al. 2004; Ansari and Hampsey 2005; El Kaderi et al. 2009 ) but have now also been observed in human genes (O'Reilly and Greaves 2007; Tan-Wong et al. 2008; Larkin et al. 2012 ) and even in HIV-1 provirus . The gene-loop structure is not static and is formed in a transient manner (Ansari and Hampsey 2005) .
Gene-loop formation depends on regulatory proteins localized at the 5 0 and 3 0 ends of genes. Gene looping involves the interaction of general transcription factor TFIIB with 3 0 end processing factors. Looped genes contain TFIIB at their 5 0 and 3 0 ends in yeast (Singh and Hampsey 2007) . Gene-loop formation is impaired by defects in TFIIB and other transcription initiation proteins (Medler et al. 2011) . Previous results showed the dependence of gene looping on Ssu72 and Pta1, which are components of the 3 0 end processing complex in yeast (Pappas and Hampsey 2000; Ansari and Hampsey 2005; Zhang et al. 2012) . The formation of gene loops also relies on mRNA-processing elements such as the cleavage/poly(A) factors (Singh and Hampsey 2007) . Gene-loop formation is thus regulated by direct interaction between components of the 3 0 end processing and transcription initiation machineries. In yeast, the gene-loop conformation is proposed to enhance transcription by facilitating RNA polymerase II (RNA Pol II) recycling from the 3 0 terminator to the promoter of the same gene (Ansari and Hampsey 2005; Lykke-Andersen et al. 2011; Jash et al. 2012) . Gene looping can also enhance transcription in an intron-mediated manner (Moabbi et al. 2012 ). However, gene-loop formation does not always enhance gene transcription in higher eukaryotes (Tan-Wong et al. 2008; Larkin et al. 2012) . Gene looping plays a role in the maintenance of "transcriptional memory" in some genes, enabling rapid reactivation of gene expression after a round of activation and repression (Laine et al. 2009; Tan-Wong et al. 2009; Hampsey et al. 2011) . A comprehensive study using yeast cells has shown that gene looping enhances transcriptional directionality and blocks the production of noncoding RNAs originating from gene promoters (Tan-Wong et al. 2012) . Gene looping can facilitate the recruitment of the chromatin remodeling enzyme Isw2 (Yadon et al. 2013) . Gene looping may also cause transcriptional noise (Hebenstreit 2013) . DNA three-dimensional structure is fundamental to many biological processes, such as transcription, recombination, and DNA replication (Olson et al. 1998) . Some structural properties are dependent on DNA sequence, and DNA structure can be understood and caused largely by interactions between neighboring base pairs (Goodsell and Dickerson 1994; Baldi and Baisnee 2000) . DNA bendability was suggested to influence transcription factor-induced short DNA loops (Matthews 1992; Saiz and Vilar 2006; Lillian et al. 2008) . However, the contribution of DNA bendability to long DNA loops (e.g., gene loops) remains to be elucidated. In addition, eukaryotic chromatin structure, of which the nucleosome is the basic unit, is also critical for many biological processes (Lee et al. 2007; Tirosh and Barkai 2008) . The relationship between chromatin structure and gene-loop formation is unclear.
In this study, we performed a systematic analysis to reveal characteristic DNA three-dimensional and chromatin structures of looped genes in S. cerevisiae. We found that looped genes show high DNA bendability around middle and 3/4 regions in open reading frames (ORFs). This pattern of DNA bendability is conserved in yeast species, suggesting a model of gene-loop formation based on DNA bendability. Looped genes show unstable nucleosome positioning around ORF middle regions, and defects in gene looping make these nucleosome positioning stable.
Results

Looped Genes Show High Bendability Around Middle and 3/4 Regions in ORFs
Transcription initiation requires recruitment of RNA Pol II, general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH), and other initiation factors, such as TATA-binding protein (TBP) . Genes contain these factors at their 5 0 ends. Gene-loop formation is dependent on TFIIB, and looped genes contain TFIIB at their 5 0 and 3 0 ends (Singh and Hampsey 2007) . As gene looping is formed in a transient manner (Ansari and Hampsey 2005) , it is hard to detect looped genes directly. The featured TFIIB occupancy at 5 0 and 3 0 ends of genes is generally used to identify looped genes. A previous study has measured the occupancy of transcription initiation factors with 5-bp resolution throughout the S. cerevisiae genome and identified looped genes if TFIIB was present at their promoters and 3 0 ends (Mavrich et al. 2008 ). We used these identified genes as looped genes (supplementary table S1, Supplementary Material online) unless otherwise stated.
Gene-loop formation involves the transition from a linear DNA to a looped structure. We asked whether some intrinsic DNA structural features contribute to gene-loop formation. Intuitively, rigid DNA might inhibit gene-loop formation. A simple way to juxtapose promoter and terminator of one gene might be the bending of DNA around its ORF middle region. The bendability of each trinucleotide was estimated from DNase I digestion studies (Brukner et al. 1995) . These data have been widely used to examine bendability of DNA sequence in several organisms (Pedersen et al. 1998; Florquin et al. 2005) . We examined the bendability pattern of looped genes. Looped genes show higher bendability around ORF middle regions compared with nonlooped genes (fig. 1A) fig. S2 , Supplementary Material online) and another independent data set of DNA bendability (Lazarovici et al. 2013 ) (supplementary fig. S3 , Supplementary Material online), suggesting that these results are robust to the choice of data sets.
We next examined whether looped genes show high bendability in other regions. The average bendability pattern of the entire ORF of looped genes was compared with that of nonlooped genes (P ¼ 0:10, Mann-Whitney U test). When gene is aligned with transcription start site (TSS), there is no significant difference in bendability around TSS between looped genes and nonlooped genes (P ¼ 0:62 for 1-150 bp downstream of TSS, P ¼ 0:99 for 1-300 bp upstream of TSS [i.e., promoter], Mann-Whitney U test). There is no significant difference in bendability around transcription termination site (TTS) between looped genes and nonlooped genes (P ¼ 0:80 for 1-150 bp upstream of TTS, P ¼ 0:19 for 1-300 bp downstream of TTS, Mann-Whitney U test). Looped genes show comparable gene lengths with nonlooped genes (P ¼ 0:17, Mann-Whitney U test). These results indicate that high bendability is a feature to ORF middle and 3/4 regions, not to the entire ORFs of looped genes.
Variation of Bendability Pattern among Yeast Species
The results above suggest that gene looping is associated with high bendability in ORF middle and 3/4 regions. If this bendability pattern is functional in gene looping, looped genes should be evolutionary conserved in their ORF middle and 3/4 regions. First, we analyzed the sequence conservation of ORF middle and 3/4 regions in S. cerevisiae populations. Using genome-wide single-nucleotide polymorphism (SNP) data in S. cerevisiae populations (Schacherer et al. 2009 ), we found that looped genes have fewer SNPs in ORF middle and 3/4 regions (normalized by the frequency of SNPs in the entire ORF) than nonlooped genes (P ¼ 0:02 for ORF middle region, P ¼ 0:02 for ORF 3/4 region, Mann-Whitney U test, fig. 2 ).
Second, we analyzed the conservation of the bendability pattern among yeast species. As genome-wide gene looping data is only available for S. cerevisiae in yeast species, we used orthologous gene sets (Wapinski et al. 2007 ) to examine the bendability pattern in other yeast species. This analysis is based on the assumption that gene looping is conserved across yeast species. This assumption is reasonable as mechanisms that regulate transcription are generally conserved across yeast species (Tanay et al. 2005) , and gene looping plays an important role in transcriptional regulation (Laine et al. 2009 ). We asked whether orthologous genes of S. cerevisiae looped genes in other yeast species (termed as genelooping orthologous genes) also show high bendability in ORF middle and 3/4 region. We found that gene-looping orthologous genes show high bendability around ORF middle and 3/4 regions than orthologs of S. cerevisiae nonlooped genes ( fig. 3 and supplementary fig. S4 , Supplementary Material online). This result supports the assumption that gene looping is conserved across yeast species and indicates that the bendability feature of gene looping is evolutionary conserved. However, the locations of bendability peaks vary among yeast species. For example, although the peak was positioned 50 bp downstream of ORF middle point in S. cerevisiae, this distance ranged from~150 bp downstream of ORF middle point in Saccharomyces mikatae to~100 bp upstream of ORF middle point in Saccharomyces paradoxus, Saccharomyces bayanus, and Candida glabrata. The locations of bendability peaks around ORF 3/4 regions relatively show less variation in all species examined, localizing within 50 bp from ORF 3/4 points. These results indicate that looped genes show high bendability around ORF middle and 3/4 regions in other yeast species, however, show variation in bendability pattern among yeast species. This variation might suggest the different looped pattern among yeast species.
We further examined whether the conservation of orthologous bendability is caused by sequence conservation but not by gene looping conservation. If this is the case, looped genes should show higher bendability for synonymous mutations than that for nonsynonymous mutations. However, looped genes show comparable bendability for synonymous and nonsynonymous mutations (supplementary table S2, Supplementary Material online). Moreover, orthologous bendability is still conserved when considering only nonsynonymous mutations (supplementary fig. S5 , Supplementary Material online).
Looped Genes Show High Bendability in Human ORFs
We examined whether looped genes show high bendability in human cells. We used genome-wide chromatin interaction data in K562 and MCF7 cells (Li et al. 2012 ) to identify looped genes. First, orthologous genes of S. cerevisiae looped genes in humans show a low overlap with looped genes (hypergeometric P ¼ 0:44) and show comparable DNA bendability in ORF middle and 3/4 regions with nonlooped genes Gene looping and its associated DNA bendability diverge from yeast to human. Second, we found that looped genes in humans show higher bendability in ORF middle and 3/4 regions than nonlooped genes (P ¼ 0:0002 for ORF middle region, P ¼ 10 À7 for ORF 3/4 region, Mann-Whitney U test, fig. 4A ). But high bendability is not a unique feature to these two regions in human cells. Looped genes also show higher bendability in other ORF regions than nonlooped genes (P ¼ 0:008 for 1-400 bp downstream of TSS, P < 10 À12 for 1-400 bp upstream of TTS, Mann-Whitney U test). Looped genes also show higher bendability in the entire ORFs than nonlooped genes (P < 10 À20 , Mann-Whitney U test, fig. 4B ). Similar results could be reproduced when using another two data sets of DNA bendability which was measured with high or low DNA methylation (Lazarovici et al. 2013 ) (P < 10 À47 for high DNA methylation, P < 10 À51 for low DNA methylation, Mann-Whitney U test). As human genes are much longer than yeast genes, gene looping might require complex bendability patterns in human cells.
We further examined bendability pattern in human cells. As the distance between promoter and terminator regions of the same gene is relatively long in a human linear chromatin, the juxtaposition of these two regions might require some small loops in the ORF. This is consistent with the result above that human looped genes show high bendability in the entire ORF. We asked whether bendability is homogeneous along the ORF. We found that the second half of ORF in human looped genes show significantly higher bendability than the first half (P < 10 À4 , Mann-Whitney U test). Furthermore, compared with nonlooped genes, looped genes show significant difference in bendability between the two halves in ORFs (P < 10 À7 , Mann-Whitney U test, fig. 4C ). But yeast looped genes do not show this property (P ¼ 0:6, Mann-Whitney U test (Brogaard et al. 2012) . Low nucleosome stability corresponds to high nucleosome dynamics. We found that looped genes show significantly lower nucleosome stability around ORF middle regions than nonlooped genes ( fig. 5A ). Similar result could be reproduced when using another independent data set of looped genes (Tan-Wong et al. 2012) (supplementary fig. S7 , Supplementary Material online). However, looped genes show comparable nucleosome stability around ORF 3/4 regions with nonlooped genes (P ¼ 0:54, 170 bp within ORF 3/4 points, Mann-Whitney U test). Furthermore, looped genes show comparable nucleosome stability in the entire ORFs with nonlooped genes (P ¼ 0:84, MannWhitney U test). Together, these results indicate that low nucleosome stability is a unique feature to ORF middle regions in looped genes.
We further examined the causal relationship between gene looping and nucleosome stability. If the low nucleosome stability in looped ORF middle regions is caused by gene looping, perturbation of gene looping should increase nucleosome stability. Gene looping is a transcription-dependent process; inactivation of transcription could cause the loss of gene-loop formation. As genome-wide nucleosome occupancy data are not available for perturbation of gene looping, we used genome-wide nucleosome occupancy data upon inactivation of RNA Pol II (Weiner et al. 2010 ) as a close approximation. Upon inactivation of RNA Pol II (a close approximation to perturbation of gene looping), we found that looped genes show significantly more increased nucleosome stability in ORF middle regions than nonlooped genes (P ¼ 0:007, Mann-Whitney U test, fig. 5B ). Moreover, looped genes show only comparable increased nucleosome stability in the entire ORFs except for middle regions with nonlooped genes (P ¼ 0:17, Mann-Whitney U test). Inactivation of RNA Pol II only causes significantly increased nucleosome stability in looped ORF middle regions, not in the other regions of looped ORF. Considering that inactivation of RNA Pol II could FIG. 3 . Conservation and variation of bendability pattern among yeast species. Average bendability profiles around ORF middle and 3/4 regions are shown for looped genes and nonlooped genes from five yeast species, whose predicted phylogenetic tree is shown. Looped genes show significantly higher DNA bendability in these two regions. The locations of bendability peaks, shown relative to ORF middle and 3/4 points, vary among five yeast species. The statistical significant values calculated from Mann-Whitney U test were indicated.
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cause the loss of gene-loop formation and gene looping is associated with nucleosome stability in ORF middle regions, we reasoned that the loss of gene-loop formation caused increased nucleosome stability in looped ORF middle regions.
We asked what factors make nucleosomes less stable around looped ORF middle regions. One important determinant of nucleosome positioning is chromatin remodeling. Using genome-wide occupancy data for nine chromatin remodelers (Yen et al. 2012) , we found that one chromatin remodeler Rsc8 show significantly higher occupancy in looped ORF middle regions (P ¼ 0:04, Mann-Whitney U test, supplementary fig. S8, Supplementary Material online) . Rsc8 do not show high occupancy in the other regions of looped ORFs (P ¼ 0:17, Mann-Whitney U test). It will be interesting to test experimentally whether Rsc8 influences nucleosome stability in looped ORF middle regions.
We asked whether looped genes are associated with other gene features. First, we found that looped genes show significantly higher transcription rates (Holstege et al. 1998 ) than nonlooped genes (P < 10 À10 , Mann-Whitney U test). Second, looped genes show significantly higher trans-driven gene expression variability within S. cerevisiae strains (Choi and Kim 2008) than nonlooped genes (P < 0:05,
Mann-Whitney U test) but show comparable cis-driven gene expression variability with nonlooped genes (P ¼ 0:67, Mann-Whitney U test). Looped genes show comparable gene expression divergence between different yeast species (Tirosh et al. 2006 ) with nonlooped genes (P ¼ 0:46, MannWhitney U test). This result suggests that conservation of transcriptional regulatory programs across yeast species might be similar between looped and nonlooped genes. Third, we examined whether looped genes show hallmarks of histone modification. As histone modification is correlated with gene activity, we should consider the bias caused by gene activity. Looped genes do not show enrichment for any of eight histone modifications (Pokholok et al. 2005 ) (P > 0:1, Mann-Whitney U test) when controlling for gene activity (Holstege et al. 1998) . Finally, we found that promoter regions of looped genes show comparable enrichment of TATA box and comparable nucleosome occupancy with those of nonlooped genes (data not shown).
Discussion
Gene looping is an important way of gene regulation. The proteins regulating gene-loop formation and the functions of gene looping have become clear. However, the relationship of gene-loop formation with structural properties remains to be answered. In this study, we studied gene looping in terms of DNA bendability and nucleosome positioning in yeast. We found that looped genes show high bendability around ORF middle and 3/4 regions and low nucleosome stability around ORF middle regions. As the distance between terminator and promoter regions of one gene is at least several hundred base pairs, it is hard to directly bring them together. Gene-loop formation should involve several steps. Based on the results above, we proposed a simple model of gene-loop formation which includes two steps ( fig. 6) . First, the bendability around ORF 3/4 regions facilitates juxtaposition of ORF terminator and middle regions. Second, the bendability around ORF middle regions facilitates interaction between ORF terminator and promoter regions. This step also involves the movement or depletion of nucleosomes around ORF middle regions.
TFIIB occupies both the promoters and the terminators of looped genes (Ansari and Hampsey 2005) , and a point mutation in TFIIB could abrogate gene-loop formation (Singh and Hampsey 2007) . TFIIB is required for gene-loop formation (Yadon et al. 2013) . It is thus reasonable that yeast looped genes used in this study are identified based on presence of TFIIB peaks at both promoters and terminators of genes. Gene looping could enhance transcription by rapidly recycling RNAPII from the 3 0 terminator back to the promoter of the same gene (Ansari and Hampsey 2005) . Indeed, looped genes used in this study show significantly higher transcription rates than nonlooped genes (P < 10 À10 , Mann-Whitney U test), validating the reliability of looped genes used in this study.
A key finding of this study is that bendability of looped genes is conserved in different species. For example, looped genes show high bendability around ORF middle and 3/4 regions among different yeast species. However, bendability patterns of looped genes vary among different species. This suggests that looped gene bendability pattern is flexible and can adapt to fit the constraints of different species. The evolutionary pressures that could have selected for such speciesspecific looped gene bendability patterns remain unclear. Human looped genes show high bendability in the entire ORF regions. As human genes are much longer than yeast genes, the juxtaposition of terminator and promoter regions might require several small loops in the looped ORFs. These small loops thus require high bendability along the ORF. We have shown that the second half of looped ORFs show higher bendability compared with the first half, suggesting that there might be more small loops in the second half region.
The features of looped genes identified in this study would facilitate understanding of gene-loop mechanism. Gene looping have been shown to be determined by regulatory proteins localized at the 5 0 and 3 0 ends of genes. Perturbation of these proteins could cause the loss of gene looping. Bendability is an intrinsic property of DNA sequences. It will be interesting to test whether gene looping is influenced by the perturbation of DNA with high bendability. As most of gene looping is formed in a transient manner, it is difficult to experimentally detect looped genes. Our identified features of looped genes would facilitate the identification of looped genes for further study.
Materials and Methods
Identification of Looped Genes
Genome-wide occupancy data of transcription initiation factors were taken from Mavrich et al. (2008) . One gene was identified as a looped gene if it met the following criteria: 1) TFIIB was present at its 5 0 and 3 0 ends.
2) The intergenic region downstream of its TTS was at least 300 bp far from TSS of a downstream gene, so as to avoid the situation that TFIIB was bound to nearby promoters. 3) To control for TFIIB occupancy at its 3 0 end, other transcription initiation factors were absent at its 3 0 end. A total of 120 looped genes were identified. To test the robustness of main results in this study, we used another independent data set of looped genes. Geneloop formation is also dependent on polyadenylation complex factor Ssu72. A recent study has found that inactivation of Ssu72 causes the loss of gene-loop formation, which represses transcription of looped genes and enhances bidirectional transcription (Tan-Wong et al. 2012) . One gene was identified as a looped gene if its gene expression shows at least 2-fold decrease upon inactivation of Ssu72. A total of 124 looped genes were identified.
Looped genes in human K562 and MCF7 cells were identified based on genome-wide intra-chromosomal interaction (Li et al. 2012) . As the method in a previous study (Grosso et al. 2012) , one gene was identified as a looped gene if its promoter (from TSS to 2.3 kb upstream) and termination region (from poly(A) site to 2.3 kb downstream) show intra-chromosomal interaction. To avoid complication, the gene for which there is another gene within a region of 2.3 kb flanking the poly(A) site was excluded from our analysis.
Calculation of DNA Bendability
Bendability of each trinucleotide was previously estimated from DNase I digestion studies (Brukner et al. 1995) . Bendability of each hexamer was also estimated from DNase I digestion studies under three DNA contexts: high DNA methylation, low DNA methylation, and DNA methylation-blind (Lazarovici et al. 2013) . For a DNA region, the sequence is divided into overlapping trinucleotide (or hexamer) sequences. A bendability profile from DNA sequences was calculated as follows: The corresponding bendability value for each trinucleotide (or hexamer) was assigned to the first nucleotide of the trinucleotide (or hexamer). In this way, the nucleotide sequence is converted into a sequence of numbers (i.e., a numerical profile). For the region of interest, we calculated the average of its bendability profile. Each profile was smoothened with a moving average of 30 bp.
For the region of interest, a sliding window of 30 bp was applied to compare bendability profiles between looped genes and nonlooped genes. If looped genes show significantly higher bendability in one window than nonlooped genes (P < 0:05, Mann-Whitney U test), the length (30 bp) of the window was adjusted to maximize the statistical significance of difference between looped and nonlooped genes. For the region of interest, looped genes might show significantly higher bendability in more than one window.
Data Preparation
Yeast ORF transcript coordinate data (including TSS and TTS) were taken from (Xu et al. 2009 ). We only used transcripts with confidently mapped 5 0 ends and 3 0 ends for analyses, a total of 4,912 ORF transcripts. Orthologous genes in yeast species and gene coordination data were taken from Wapinski et al. (2007) . Orthologous gene pairs between S. cerevisiae and human were taken from Kasprzyk (2011) . Human gene coordination data were taken from the UCSC database (Meyer et al. 2013) .
We used the genome-wide SNPs data set of 63 strains of S. cerevisiae from different ecological niches and from locations on different continents (Schacherer et al. 2009 ), a total of 1.89 million SNPs. For the region of interest, the frequency of SNPs was defined as the ratio between the number of SNPs and the length of the region. To control the flanking region, the frequencies of SNPs in ORF middle and 3/4 regions are normalized by the frequency in the entire ORF.
Genome-wide nucleosome occupancy data in vivo and in vitro measured with high resolution were taken from Kaplan et al. (2009) . For the region of interest, we calculated its average nucleosome occupancy. Genome-wide nucleosome stability data were taken from Brogaard et al. (2012) . They measured genome-wide nucleosome positioning with single-base-pair accuracy and calculated nucleosome centre positioning score for each nucleosome. A larger score indicates a more well-positioned (i.e., stable) nucleosome. For the region of interest, we calculated the average stability score of its nucleosomes. Genome-wide nucleosome occupancy data before and after inactivation of RNA Pol (rbp1-1, 2 h at 37 C) were taken from Weiner et al. (2010) . The discrepancy between the two nucleosome maps (Weiner et al. 2010; Brogaard et al. 2012 ) is similar between looped and nonlooped genes (23 bp vs. 23 bp, P ¼ 0:99, Mann-Whitney U test). Genome-wide occupancy data for nine chromatin remodelers (Arp5, Ino80, Ioc3, Ioc4, Isw1, Isw2, Rsc8, Snf2, and Sua7) measured with high resolution were taken from Yen et al. (2012) . For the region of interest, we calculated the average occupancy of each chromatin remodeler. Genome-wide gene transcription activity (transcription rate) data were taken from (Holstege et al. 1998) . Genome-wide trans and cis-driven gene expression variability data within S. cerevisiae strains were taken from Choi and Kim (2008) . Genome-wide gene expression divergence data between different yeast species were taken from Tirosh et al. (2006) . Genome-wide histone modification data were taken from Pokholok et al. (2005) , including H3K9ac, H3K14ac, H4ac, H3K4me1, H3K4me2, H3K4me3, H3K36me3, and H3K79me3. For each ORF, we calculated the average level of each histone modification.
Statistical Method
Given two samples of values, the Mann-Whitney U test is designed to examine whether they have equal medians. The main advantage of this test is that it makes no assumption that the samples are from normal distributions.
